We investigated the magnetic resonance of split-ring resonators (SRR) experimentally. The dependence of the geometrical parameters on the resonance frequency of SRR is studied. We further investigated the effect of disorder on performance of SRRs.
Introduction
Materials exhibiting negative values of dielectric permittivity (ε) and magnetic permeability (µ) are named as lefthanded materials (LHM) and they have a negative index of refraction [1] . The left-handed pass band frequency (i.e., the negative refractive index regime) is essentially determined by the magnetic resonance frequency (ω m ) of periodic SRR structures [2, 3] . In this study, we first investigate the effect of geometrical parameters of SRRs and different resonator designs on the magnetic resonance frequency. Our work covers the change of ω m with the split width, gap between inner and outer rings, metal width, and additional capacitances. Then we move on array of SRRs and present a systematic study of the effect of disorder and misalignments on the transmission properties of SRR structures operating in the microwave regime. We focus on the disorder of SRR layers, as the µ (ω) < 0 gap defines where the left handed (n eff < 0) transmission occurs.
Magnetic resonance
A dip in the transmission spectrum of SRR structure can be attributed to the resonant nature of SRRs. Two monopole antennas are used to transmit and detect the EM waves through the single SRR unit cell. By keeping other parameters constant, we only changed the split width (d) of SRRs. Figure 1 (a) displays the measured transmission spectra of 4 SRR structures with different split widths. FDTD simulations are performed to check the experimental results (not shown here). The agreement is good between numerical and experimental results. Increasing the split width of inner and outer rings, results in an increase of the magnetic resonance frequency of SRR structure. Then we studied the effect of gap between inner and outer rings on ω m of SRR structures. The other parameters are kept constant (d = 0.2 mm, w = 0.9 mm and r = 3.6 mm), and only gap distance (t) is varied from 0.2 to 0.6 with 0.05 mm steps. Figure 1 (b) display the measured transmission spectra of SRRs with different gap distances. Increasing the distance between inner and outer rings, results in an increase of the magnetic resonance frequency of SRR structure.
We also changed the capacitance of the system by integrating additional capacitors to SRR structures. Surfacemount capacitors varying from 0.1 pF to 0.8 pF are mounted to the outer ring of SRRs in parallel. the measured transmission spectra of 5 different SRRs with different additional surface-mount capacitors. Without any additional capacitor, ω m of the SRR structure was measured to be 3.63 GHz. Magnetic resonance frequency significantly shifts to 2.87 GHz when C = 0.1 pF is mounted to the outer ring. The magnetic frequency can be tuned to as low as 1.63 GHz by using a C = 0.8 pF capacitor. By mounting additional capacitors to the system we significantly increase the total capacitance.
Effect of disorder on magnetic resonance band gap of SRRs
SRR units are arranged periodically to obtain a negative permeability medium. The periodic SRR structure is made of N x = 10, N y = 15, and N z = 24 unit cells, with lattice spacings a x = a y = 8.8, and a z = 6.5 mm. Periodic and ordered structure has a magnetic resonance band gap between 3.55 -4.10 GHz (blue line in Fig. 2 ). Then we introduced intra-plane disorders into periodic SRR system. Here we assigned randomness to the positions of SRRs along the x and y directions within a board. Each SRR on the board with lattice point, n r r , where is displaced By introducing disorder, we observe that magnetic resonance band gap still remains, but the transmission inside the band gap is increased with increasing disorder. The average transmission inside the band gap (3.55 -4.01 GHz) is -40 dB for ordered structure, -32 dB for disordered (| r δ r | ≤ a/9) structure ( Fig. 2(a) ) and -25 dB for structure with increased (| | ≤ a/5) disorder (Fig. 2(b) ). Each SRR unit has an effect on lowering the transmission and therefore causing a band gap due to magnetic resonance. Adding disorder into SRR structures changes the interaction between the SRRs and this in turn causes a higher transmission inside the band gap. By combining the inter-plane and intraplane disorder, one can obtain a structure, disordered in all three spatial directions. Fig. 2(c) gives the measured transmission spectra for such disordered SRR structure. Magnetic resonance is still present with a relatively higher transmission. A narrower magnetic resonance band gap is observed when compared to ordered SRR structure, and this behavior can be explained by the reduced coupling between SRRs. r δ r
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